Geostatistical techniques were used to describe and map weed spatial distribution in two sunflower fields in Cabello and Monclova, southern Spain. Data from the study were used to design intermittent spraying strategies. Weed species, overall infestation severity (IS) index, and spatial distribution varied considerably between the two sites. Weed species displayed differences in spatial dependence regardless of IS. The IS mapping of each single weed and of the overall infestation was achieved by kriging, and site-specific application maps were then drawn based on the multi-species weed map and the estimated economic threshold (ET). Herbicide treatment was assumed to be needed for an overall IS score of 2 or 3, and the infested ''area exceeding the economic threshold'' was determined. The overall weed-infested area varied considerably between locations. About 99 and 38% of the total area was moderately infested (IS Ն 2) at Monclova and Cabello, respectively. Therefore, if a given herbicide were applied just to the areas exceeding the ET, a significant herbicide saving would be realized in Cabello but not in Monclova. A multi-species spatial analysis provides an opportunity to make site-specific management recommendations from a map of the distribution of IS of the total infestation. Furthermore, only in fields with hardto-control weed species (e.g., nodding broomrape and corn caraway) would sitespecific herbicide application maps developed from total weed infestations need to be complemented with targeted site-specific herbicide treatments to prevent further spread of these species, although their IS might be low. Field observations clearly show that weeds are not distributed uniformly or randomly, but rather distribution of weeds across the landscape has spatial dependence. Furthermore, crop infestation with a single weed species is rare. Instead, multi-species populations are present in a field. For these reasons, the need for weed control can vary within a field (Van Groenendael 1988) .
Field observations clearly show that weeds are not distributed uniformly or randomly, but rather distribution of weeds across the landscape has spatial dependence. Furthermore, crop infestation with a single weed species is rare. Instead, multi-species populations are present in a field. For these reasons, the need for weed control can vary within a field (Van Groenendael 1988) .
Economic threshold (ET) models have improved and permit the development of expert systems to predict the potential yield reduction from multi-species weed infestations and the determination of appropriate herbicides in soybean [Glycine max (L.) Merr.] (Berti and Zanin 1997; Renner and Black 1991; Wilkerson et al. 1991) , in herbicide-intensive crops (Stigliani and Resina 1993) and in sunflower (CastroTendero and García-Torres 1995) . However, current threshold models have assumed that weeds are distributed uniformly across fields (Doyle 1991) . In addition, some research has applied threshold models to weed maps to evaluate a spatially explicit control decision. Thus, Brain and Cousens (1990) investigated how a threshold value changes when patchiness is taken into account. They demonstrated that yield estimates can be affected greatly by distribution assumptions of pests, diseases, and weeds. Mortensen et al. (1995) also concluded that yield estimates will be overestimated by calculations that assume random distribution.
Herbicides usually are applied to the entire field, although spraying might be unnecessary in some places (Dammer et al. 1999) . A goal of site-specific weed control is to apply herbicide only in areas where weed density exceeds an ET (Streibig et al. 1989) . Further, a site-specific herbicide application strategy could be based on a weed map. Mapping is the way to design a site-specific herbicide application strategy for areas where weed density is above the ET (Heisel et al. 1996a ). Site-specific weed management has significant potential for reducing herbicide use. The average reduction from site-specific weed control in cereals ranged from 47 to 80% (Christensen et al. 1996; Heisel et al. 1996b; Nordmeyer et al. 1997) . In corn (Zea mays L.), Tian et al. (1999) realized savings of 42%, and Timmermann et al. (2001) reported that with a site-specific weed control, an average of 54% of the herbicides could be saved in sugar beet (Beta vulgaris L.). On the other hand, Rew et al. (1996) reported that potential reduction in herbicide use as a result of patch spraying varied with patch morphology and infestation level.
The knowledge of the probability that an area in a field is below a certain threshold can be useful in making decisions for or against weed control using patch spraying.
To develop a map of weed distribution and density, a sampling strategy must be selected (Clay et al. 1999) . Such sampling can be either continuous or discrete. In continuous sampling, data are collected over the entire sample area using remotely sensed imagery, real-time detectors, or through extensive on-the-ground sampling (Rew and Cousens 2001) . In discrete sampling, data are collected from predefined points (grid) throughout an area and weed distribution and density estimated by different techniques, e.g., simple inverse distance calculations (e.g., Bregt et al. 1992) , autocorrelation (e.g., Dieleman and Mortensen 1999; Nordbo et al. 1994) , or interpolation (e.g., Ersbøll et al. 1993; Nordmeyer and Niemann 1992) . All three procedures assume that data are spatially dependent.
Interpolation methods used for weed mapping have included linear triangulation (Gerhards et al. 1997) , polynomial interpolation (Zanin et al. 1998) , or kriging. Kriging weights the average of observed weed densities and is the only estimator that estimates the variance (Cressie 1991; Isaaks and Srivastava 1989; Kristensen and Ersbøll 1995; Roberts et al. 1993) . The adoption of this approach in weed research has been very recent, but it has been very useful in quantifying the spatial structure of weed populations. Most geostatistical studies on weeds have focused on individual species (Cardina et al. 1995; Donald 1994; González-Andújar et al. 2001; Rew et al. 1996) . Heisel et al. (1996a) reported different spatial distributions of individual weeds depending on the sampling strategy. Zanin et al. (1998) worked on the spatial distribution of 27 weeds surveyed in a field and reported different treatment maps for individual weed species. Despite this information, more research is needed for developing site-specific weed management recommendations from maps including all the weed species present in the field.
Sunflower is one of the most important crops in Andalusia (southern Spain). Weed problems in sunflower, control treatments, available herbicides in that region, herbicide efficacy, methods of application, recommended rates, and treatment costs have been reported by Carranza et al. (1995) , Castro-Tendero and García-Torres (1995) , García-Torres (1980) , García-Torres et al. (1996 , Hidalgo et al. (1990) , and Saavedra et al. (1989) . However, the spatial distribution of weeds in sunflower and the potential for site-specific management in the crop have not yet been assessed.
The objectives of this study were to (1) describe the spatial variability using geostatistics of individual and multiple weed species through an infestation severity index (IS) in two sunflower fields in southern Spain, (2) develop weed infestation maps using kriging, and (3) develop site-specific postemergence herbicide application maps for areas that exceeded an ET.
Materials and Methods

Study Area and Sampling Scheme
Surveys were conducted in about 6-ha sections (240 by 240 m) of two sunflower fields located at Cabello (Montoro) and Monclova (La Luisiana), both typical agricultural areas in Andalusia. The monitored fields were cropped previously with winter wheat (Triticum aestivum L.) (shallow tillage) at Monclova and with rapeseed (no till) at Cabello. Sunflower was seeded at 4 kg ha Ϫ1 in rows 0.7 m apart in late March 1999. Weed assessments took place in early May when the sunflower was at the six-to eight-leaf stage and most weeds were 4 to 10 cm tall.
Multi-species weed infestation assessments were performed following a 7-by 7-m grid pattern in Monclova and 15-by 7-m grid pattern in Cabello, resulting in approximately 511 and 264 sampling units, respectively. The position of each node was georeferenced using a Differential Global Positioning System. At each node, the IS index for each weed species was assessed in a 2-by 2-m square. For an individual weed IS, a visual scale was used that ranged from 0 to 3, with 0 indicating no weed; 1, very low IS (Ͻ 0.6 weeds m Ϫ2 ); 2, low to moderate IS (0.6 to 4 weeds m Ϫ2 ); and 3, moderate to high IS (Ͼ 4 weeds m Ϫ2 ) (adapted from Castro-Tendero and García-Torres 1995). To assess the overall IS at each node, a score of 3 was assigned when a single weed species had a score of 3 or when three or more weed species each had a score of 2 or higher. Overall IS of 2 was given to a node when two weed species each scored 1. The ET, i.e., weed IS causing a reduction in net sunflower yield amounting to the control treatment cost, was estimated at IS Ն 2, so that the overall scores of 2 and 3 exceeded the ET and required weed control actions. (Castro-Tendero and García-Torres 1995).
Exploratory Statistical Analysis
IS data from each weed species and overall infestation were treated as a study case and were analyzed statistically. Data distributions were described using classical descriptors (mean, maximum, minimum, standard deviation [SD] , and skewness). Although some of the IS indexes obtained showed a skewed distribution, data were not transformed for geostatistical analysis, following the methodologies described by Donald (1994) , Gerhards et al. (1997) , Johnson et al. (1996) , Mortensen et al. (1995) , and Zanin et al. (1998) .
Weed Spatial Distribution
A semivariogram was calculated for each weed IS index as follows (Isaaks and Srivastava 1989; Journel and Huijbregts 1978; Webster and Oliver 2001) :
where ␥ (h) is the experimental semivariance value at distance interval h; N (h) is the number of sample value pairs within the distance interval h; z (x i ), z (x i ϩ h) are sample values at two points separated by a distance interval h. All pairs of points separated by distance h were used to calculate the experimental semivariogram. Lag h was between 3 and 7 m depending on weed species and field. Several semivariogram functions were evaluated to choose the best fit with the data. Semivariograms were calculated both isotropically and anisotropically using VARIOWIN 1 software. The anisotropic calculations were performed in four directions (0, 45, 90, and 135Њ) with a tolerance of 22.5Њ to determine wheth- Nugget ratio ϭ (nugget semivariance/total semivariance) ϫ 100.
c Abbreviation: n, number of georeferenced counting units. er the semivariogram functions depended on the sampling orientation and direction (i.e., they were anisotropic) or not (i.e., they were isotropic). Direction 0Њ corresponds to E-W and 90Њ to the N-S direction. The experimental semivariograms were fitted by the least-squares procedure using VAR-IOWIN. Nested semivariogram structures were not used because we were able to obtain adequate fits with a simple structure.
Spherical, exponential, or gaussian models were fitted to the experimental semivariograms. The parameters of the model, nugget semivariance, range, and sill or total semivariance, were determined. Semivariograms models were cross-validated by comparing IS values estimated from the semivariogram model with actual IS values. A trial-and-error procedure was used, and the estimated parameters of the model were modified until adequate cross-validation statistics were obtained (Isaaks and Srivastava 1989; Webster and Oliver 2001) : i.e., mean estimation error not significantly different from 0; mean squared error less than the variance of the sample values (Hevesi et al. 1992) ; and standardized mean squared error within the interval 1 Ϯ 2( /n) (Hev-͙2 esi et al. 1992; Isaaks and Srivastava 1989) . The summary statistics of cross-validation are listed in Table 1 . Cross-validation was conducted using GEOEAS 2 software.
Once cross-validated, parameters of the semivariogram models described above were used to map the IS of each single weed and of the overall infestation. Ordinary point kriging was performed on a regular grid of 4 m and produced unbiased estimates of weed IS values at unsampled points. Kriging was conducted using GEOEAS software. Contour maps were generated using SURFER 3 contour mapping software based on GEOEAS kriged values. Contour maps showed the estimated weed IS and the SD of the kriged estimates.
To define distinct classes of spatial dependence for the individual and multi-species weed IS, the nugget variance was expressed as a percentage of the total semivariance. If the ratio was Յ 25%, the variable was considered strongly spatially dependent or strongly distributed in patches; if the ratio was between 25 and 75%, the IS index was considered to be moderately spatially dependent; and if the ratio was Ն 75%, the IS index was considered weakly spatially dependent (Cambardella and Karlen 1999; Cambardella et al. 1994; González-Andújar et al. 2001; López-Granados et al. 2003) .
Site-Specific Herbicide Application
The IS mapping of each single weed and of overall infestation was achieved by kriging and then site-specific herbicide application maps were drawn based on the multispecies weed map and on the estimated ET previously reported by Carranza et al. (1995) , Castro-Tendero and García-Torres (1995), García-Torres et al. (1996 , and Jiménez- Hidalgo et al. (1990) . Herbicide treatment was assumed to be needed for an overall IS score of 2 or 3, and the infested ''area exceeding the economic threshold'' (AEET) was determined.
Results and Discussion
Exploratory Statistical Analysis
Weed IS index and the spatial distribution varied considerably with location (Table 1) . At Monclova, common lambsquarters (Chenopodium album L.) and tumble pigweed (Amaranthus albus L.) were by far the two most dominant species and had the highest IS index, with an average IS of 2.3 and 1.5, respectively. Bristly oxtongue (Picris echioides L.), nodding broomrape (Orobanche cernua), cowcockle (Vaccaria pyramidata Medik.), European heliotrope (Heliotropium europaeum L.), and prostrate knotweed (Polygonum aviculare L.) were present with a very low IS (IS Ͻ 0.5). At Cabello, catchweed bedstraw (Gallium aparine L.), corn caraway (Ridolfia segetum), and wild mustard (Sinapis arvensis L.) were present at a moderate to low IS (IS ϭ 0.5 to 1), and the others were present at very low IS. The overall IS in Monclova was 2.6, which was considerably higher than in Cabello (1.8).
Weed Spatial Distribution
Anisotropic semivariograms did not show differences in spatial dependence with directions, therefore isotropic semivariograms were chosen. Weed species displayed differences in spatial dependence as determined by semivariogram analyses (Table 1) . Spherical and exponential isotropic models were defined for the weed species studied for both fields with the exception of bristly oxtongue and prostrate knotweed in Monclova, which were defined by a gaussian model.
Semivariogram parameters strongly varied among species and between locations (Table 1) . For example, for common lambsquarters, nugget, sill, and range values were 0.19, 0.75, and 8 m at Monclova and 0.05, 0.23, and 26 m at Cabello. A similar variation was observed for the semivariogram parameters of knotweed, which was also present in both locations. Furthermore, all species showed spatial dependence (patchy distribution). This variability might be due to differences in demography and dispersal characteristics for any species, interaction between coexisting species, edaphic factors, and cropping or control actions, among other processes influencing patchiness (Cousens and Croft 2000; Heisel et al. 1996a) .
The nugget variance expressed as a percentage of the total semivariance was used to define distinct classes of spatial dependence for the IS of weeds (Table 1) . Medium nugget ratios (between 50 and 53%) were found for bristly oxtongue and nodding broomrape at Monclova and for rapeseed at Cabello, which indicated their moderate to weak spatial dependence and a high variability between the sampling points. Consequently, for these weeds, a smaller sampling grid would be recommended in the fields surveyed. On the other hand, other weeds showed nugget ratios ranging from 25 (cowcockle) to 33% (tumble pigweed) at Monclova and from 4.2 (littleseed canarygrass [Phalaris paradoxa L.]) to 40% (prostrate knotweed and corn caraway) at Cabello, indicating moderate to strong spatial dependence.
Littleseed canarygrass, field bindweed (Convolvulus arvensis L.), wild mustard, and common lambsquarters at Cabello clearly displayed strong spatial dependence, although these species had low IS values. Furthermore, catchweed bedstraw, corn caraway, and rapeseed, which were present at an intermediate IS, showed moderate spatial dependence. At Cabello, the moderate spatial dependence of rapeseed, the volunteer crop, might indicate an extrinsic variability because of a human-mediated dispersal process. At Monclova, all weeds displayed spatial dependence regardless of IS.
The sample grid area (240 by 240 m) was large enough to determine the spatial variability range for the surveyed weeds. For example, at Monclova, the range values for nodding broomrape and cowcockle were 110 and 106 m, respectively, and were from 8 to 72 m for the other weed species. Similarly, at Cabello, the highest range was 126 m for wild mustard.
The IS maps for individual weed species are shown in Figures 1 and 2 , for Monclova and Cabello, respectively. A visual assessment reveals a moderate to strong spatial dependence (all the maps generally indicated patchy distributions), which is supported by the semivariogram analyses. At Monclova, common lambsquarters and tumble pigweed were the only two weeds infesting consistent areas at moderate levels (IS ϭ 2), 75 and 22%, respectively (Table 2) . At Cabello, littleseed canarygrass and catchweed bedstraw were the only weeds with area Ͼ 4% with IS ϭ 2.
Site-Specific Herbicide Application
The overall weed-infested area varied considerably between locations. About 99.6 and 38.4% of the total area was moderately infested (IS Ն 2) at Monclova and Cabello, respectively. A score of IS Ն 2 would justify herbicide application ( Figure 3 ; Table 2 ). At Monclova, these infestations were due to common lambsquarters, with 75.3% of infested AEET (overall IS of 2 and 3), to tumble pigweed (AEET ϭ 22.7%), and the rest to minor patches of prostrate knotweed, cowcockle, and European heliotrope. At Cabello, catchweed bedstraw and littleseed canarygrass were the dominant weeds, accounting individually for an AEET of 5.5 and 5.2%, respectively, and to a much lesser extent, corn caraway (AEET ϭ 0.9%) and field bindweed (AEET ϭ 0.1%). In this location, an AEET of about 27% is due to the simultaneous presence of various weeds with a low IS score (1 or 2) in the same node surveyed.
Therefore, if a given herbicide were applied just to the areas exceeding the ET, the average reduction in herbicide cost achieved at Cabello could have been 61%. Such considerations not only have an economic significance but also are important if there is any pressure to reduce applications through an integrated control program.
A multi-species spatial analysis provides an opportunity to make site-specific management recommendations from a map of the overall IS distribution. Furthermore, only in the particular case that a species is identified as hard-to-control (nodding broomrape, corn caraway), then the site-specific herbicide application map developed from the overall infestation could be complemented with a targeted site-specific herbicide to control that weed. This strategy would complement management of hard-to-control weeds and prevent any further spread, although the IS might be low.
For example, at Monclova, the detection of patches of the parasitic weed, nodding broomrape (IS ϭ 1 in 6.9% of the area), could make the specific herbicide treatments advisable to prevent spread of this species. The rapid spread and cropsuppressive effects of this parasitic weed (García-Torres et al. 1996 are well known. Similarly, the spatial detection of hard-to-control weeds such as field bindweed and corn caraway (Carranza et al. 1995) could be used to target or direct herbicide treatments even when the IS might be low.
The results of this work indicate that geostatistical procedures become useful for describing multi-species infestation maps, which could be used to design intermittent spraying strategies. According to our results, kriging at a 7-by 7-m sampling interval gave an accurate weed map. Other authors obtained similar results with even smaller sampling distances (Cardina et al. 1995) .
Presence of weed in sunflower in Spain greatly varies according to cropping types and environmental conditions (García-Torres 1980) . Determination of multi-species infestations may facilitate implementing precision weed management in sunflower under Mediterranean conditions. Overall herbicide application strategies could be designed from multi-species weed mapping. Assuming that all weed species are controlled by a given herbicide treatment, overall IS weed mapping is the key factor to determine the target surface. If several herbicides are needed to control all the weed species present, or where hard-to-control weed species are found, maps of these species would be considered to establish an adequate control strategy. In any case, the distribution of IS of the total infestation is essential to evaluate the reduction in the area to be treated and the potential herbicide reduction. Herbicide selection should be based on weed control efficacy, overall species spatial distribution, and IS.
The usefulness of the infestation maps obtained with kriging for improving the decision-making process is strictly dependent on weed patch dynamics (Zanin et al. 1998) . If patches are stable, kriging can be done periodically without overburdening the decision-making process, whereas if they are not stable, maps will need to be drawn each year, a significant cost increase. However, if weed patches are considered as stable for a few years, direct spraying would account for a percentage of herbicide application saving of the same magnitude as the uninfested portions of the field (Marshall 1988; Wilson and Brain 1991) . Furthermore, this year's weed map could be used for next year's weed control plan.
Multi-species spatial determination is the real aim of field infestations. In contrast, any study on one weed species spatial distribution is only justified for fields in which a particular weed species is dominant or if that species requires a completely different control action. The measurement variability of a multi-species infestation according to present sampling methods is not always economically viable, so other sampling methods, techniques, or tools are necessary. Methods to estimate weed densities and to evaluate weed species with image analysis, real time detectors (Pérez et al. 2000; Thompson et al. 1991; Wartenberg and Dammer 2001) , or remote sensing (Lamb and Weedon 1998) are being developed. A low-cost method for weed detection is one key technology for the profitable use of site-specific weed control because conventional weed sampling in a grid as conducted in this work is very time consuming and expensive. Combining image analysis, Global Positioning System, and kriging would ease weed mapping considerably but is a substantial research challenge.
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